Dysbindin (DTNBP1) variants are associated with hallucinations in schizophrenia by Cheah, Sern Yih et al.
This is the author’s version of a work that was submitted/accepted for pub-
lication in the following source:
Cheah, S.-Y., Lawford, B. R., Young, R. M., Morris, C. P., & Voisey, J.
(2015)
Dysbindin (DTNBP1) variants are associated with hallucinations in
schizophrenia.
European Psychiatry, 30(4), pp. 486-491.
This file was downloaded from: https://eprints.qut.edu.au/90407/
c© Copyright c© 2015 Elsevier Masson SAS
Licensed under the Creative Commons Attribution; Non-Commercial; No-
Derivatives 4.0 International. DOI:10.1016/j.eurpsy.2015.01.008
License: Creative Commons: Attribution-Noncommercial-No Derivative
Works 4.0
Notice: Changes introduced as a result of publishing processes such as
copy-editing and formatting may not be reflected in this document. For a
definitive version of this work, please refer to the published source:
https://doi.org/10.1016/j.eurpsy.2015.01.008
1 
 
Dysbindin (DTNBP1) variants are associated with hallucinations in schizophrenia 
 
Authors: Sern-Yih Cheah1, Bruce R. Lawford1,2, Ross McD. Young1, C. Phillip Morris1 and 
Joanne Voisey1* 
1Institute of Health and Biomedical Innovation, Queensland University of Technology, 60 
Musk Ave., Kelvin Grove, Queensland 4059, Australia 
2Discipline of Psychiatry, Royal Brisbane and Women's Hospital, Herston, Queensland 4006, 
Australia  
*Corresponding author: Joanne Voisey; Tel: +61 7 3138 6261; E-mail: j.voisey@qut.edu.au 
Running title: DTNBP1 associated with hallucinations in schizophrenia 
  
2 
 
Abstract 
Background: Dystrobrevin binding protein 1 DTNBP1 is a schizophrenia susceptibility gene 
involved with neurotransmission regulation (especially dopamine and glutamate) and 
neurodevelopment. The gene is known to be associated with cognitive deficit phenotypes 
within schizophrenia. In our previous studies, DTNBP1 was found associated not only with 
schizophrenia but with other psychiatric disorders including psychotic depression, post-
traumatic stress disorder, nicotine dependence and opiate dependence. These findings suggest 
that DNTBP1 may be involved in pathways that lead to multiple psychiatric phenotypes. In 
this study we explored the association between DTNBP1 SNPs (single nucleotide 
polymorphisms) and multiple psychiatric phenotypes included in the Diagnostic Interview of 
Psychosis (DIP). 
Methods: Five DTNBP1 SNPs, rs17470454, rs1997679, rs4236167, rs9370822 and 
rs9370823 were genotyped in 235 schizophrenia subjects screened for various phenotypes in 
the domains of depression, mania, hallucinations, delusions, subjective thought disorder, 
behaviour and affect, and speech disorder. SNP-phenotype association was determined with 
ANOVA under general, dominant/recessive and over-dominance models. 
Results: Post-hoc tests determined that SNP rs1997679 was associated with visual 
hallucination; SNP rs4236167 was associated with general auditory hallucination as well as 
specific features including non-verbal, abusive and third-person form auditory hallucinations; 
and SNP rs9370822 was associated with visual and olfactory hallucinations. SNPs that 
survived correction for multiple testing were rs4236167 for third-person and abusive form 
auditory hallucinations; and rs9370822 for olfactory hallucinations. 
Conclusion: These data suggest that DTNBP1 is likely to play a role in development of 
auditory related, visual and olfactory hallucinations which is consistent with evidence of 
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DTNBP1 activity in the auditory processing regions, in visual processing and in the 
regulation of glutamate and dopamine activity. 
Keywords: schizophrenia, DTNBP1, polymorphism, SNP, psychiatric phenotypes, 
hallucinations 
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1. Introduction 
Schizophrenia is a highly heritable psychiatric disorder affecting approximately 1% of the 
population worldwide [1]. It has devastating consequences for those affected and their 
families and amounts to $19 billion of financial burden per annum in the USA [2]. 
Treatments targeting symptoms are only partially successful and there is limited 
understanding of schizophrenia aetiology. Progress in the understanding of the molecular 
aetiology of schizophrenia has been slow owing to the complex nature of the disorder and the 
heterogeneity of schizophrenia phenotypes. Early efforts focused on identifying 
schizophrenia susceptibility genes via case/control association studies. Results were often 
inconsistent or could not be replicated, perhaps because it is such a heterogeneous disorder. It 
is possible that clinically distinct forms of schizophrenia are the result of discrete 
combinations of susceptibility genes. Hence, this study is aimed at identifying the role that 
susceptibility genes play in specific clinical symptoms within schizophrenia rather than 
concentrating on the diagnosis of schizophrenia. 
 
Dystrobrevin binding protein 1 (DTNBP1) is a gene implicated in schizophrenia 
susceptibility. It encodes a protein that binds to alpha- and beta-dystrobrevin in muscle and 
brain [3]. Association studies have identified several DTNBP1 SNPs and haplotypes 
associated with negative symptoms of schizophrenia including poverty of speech, emotion, 
motivation and social interaction [4,5]. DTNBP1 mRNA expression is also reduced in the 
cortex and hippocampus of schizophrenia patients [6-8], suggesting that DTNBP1 plays a role 
in the aetiology of this disease perhaps by affecting brain development. Imaging studies have 
identified that DTNBP1 polymorphisms are associated with grey and white matter volume 
loss [9]. In rodents, DTNBP1 is highly expressed during embryonic stages [10,11] and 
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reduced DTNBP1 expression in cultured neurons leads to abnormal neuronal growth and 
dendritic morphology [10-13]. DTNBP1 has also been shown to play a role in 
neurotransmission by modulating the expression of two cell-surface receptor classes; the N-
methyl-D-aspartate receptor (NMDAR) [14] and the dopamine D2 receptor (DRD2) [15,16]. 
These findings suggest that DTNBP1 may play a role in the pathogenesis of schizophrenia by 
altering both brain development and neurotransmission activity. 
 
We have previously identified association of DTNBP1 SNPs with schizophrenia as well as 
several other psychiatric phenotypes [17-19]. These SNPs include one non-synonymous SNP 
rs17470454 (causing a proline to serine substitution) and four intronic SNPs rs1997679, 
rs4236167, rs9370822 and rs9370823. We found association between rs1997679, rs4236167, 
rs9370822, rs9370823 and schizophrenia in an Australian schizophrenia cohort (n = 160) [18] 
and the same SNPs were found associated with psychotic depression in a major depressive 
disorder cohort (n = 243) [17]. Interestingly, as well as schizophrenia, the DTNBP1 SNP 
rs9370822 was found associated with several other disorders including post-traumatic stress 
disorder (PTSD), nicotine dependence and opiate dependence but not alcohol dependence 
[19]. 
 
The objective of this study was to further explore the association between various psychiatric 
phenotypes in schizophrenia and DTNBP1 SNPs which have been found previously 
associated with schizophrenia or other psychiatric disorders. 
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2. Methods 
2.1. Subjects 
2.1.1 Schizophrenia patients 
The participants consist of 235 schizophrenia patients of European descent with a mean age 
of 43.9 years (s.d ± 10.7 years). There were 70 females and 165 males with a confirmed 
diagnosis of schizophrenia according to DSM-IV/ICD-10 diagnostic criteria with a mean 
onset age of 23.18 years (s.d ± 6.31 years). All participants underwent a clinical and 
neuropsychological assessment and provided a blood sample at the time of assessment.  The 
participants were assessed using a clinical assessment battery that consists of the Diagnostic 
Interview for Psychosis (DIP) [20] to collect clinical measures including depression, mania, 
hallucinations, subjective thought disorder, delusions, behaviour and affect, and speech 
disorder (Figure 1; details in Supplementary Table 1). The patients were recruited from 
several sources across five Australian States and Territories (New South Wales, Australian 
Capital Territory, Queensland, Western Australia and Victoria) using media advertisements, 
inpatient, outpatient and community mental health service providers, non-government 
organisations and rehabilitation services. 
 
2.1.2 Controls 
The control group was also obtained from the Australian Schizophrenia Research Bank.  The 
controls consisted of 121 females and 104 males of European descent, with a mean age of 
45.00 years (s.d. ± 13.2 years).  Healthy controls were screened for a family history of, or 
treatment for, a psychiatric illness at the time of registration.  The controls underwent a 
clinical and neuropsychological assessment and provided a blood sample at the time of 
assessment.  The controls were assessed using a clinical assessment battery that consists of 
7 
 
the Diagnostic Interview for Psychosis (DIP) [20] to collect socio-demographic, family and 
medical history data. 
 
2.1.3 Ethics 
Each participant gave written informed consent before commencement of data collection.  
Ethics approval for the project was obtained from the Human Research Ethics Committee of 
the Queensland University of Technology.  This study was carried out in accordance with 
The Code of Ethics of the World Medical Association (Declaration of Helsinki).   
 
2.2. SNP Genotyping 
Samples were genotyped for the DTNBP1 SNPs rs17470454, rs1997679, rs4236167, 
rs9370822 and rs9370823 essentially as previously described [18], using a homogeneous 
MassEXTEND (hME) Sequenom assay performed by the Australian Genome Research 
Facility. 
 
2.3. Statistical Analysis 
Clinical measures were analysed by ANOVA (analysis of variance) using Statistical Package 
for the Social Sciences (SPSS) 21 to detect score differences between genotypes under linear 
and quadratic models in schizophrenia patients. Clinical measure scores range from 0-2. A 
higher score means a higher clinical severity for a clinical measure. SNPs associated with 
general auditory hallucinations were further analysed for association with other forms 
(specific features) of auditory hallucinations. The genotypes were analysed under general, 
dominant/recessive and over-dominant models. Hardy-Weinberg equilibrium was tested 
using Utility Programs for Analysis of Genetic Linkage [21]. Correction for multiple testing 
was conducted using the Benjamini-Hochberg method [22]. 
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3. Results 
DTNBP1 SNPs rs17470454, rs1997679, rs4236167,rs9370822 and rs9370823 were tested for 
association with schizophrenia followed by all clinical measures covered in the depression, 
mania, hallucinations, subjective thought disorder, delusions, behaviour and affect, and 
speech disorder domains (Supplementary table 1). All genotypes were found to be in Hardy-
Weinberg equilibrium (P > 0.05). All five SNPs were not associated with schizophrenia after 
comparing genotype frequencies of the five SNPs between schizophrenia patients and healthy 
controls. Clinical measure analysis revealed that the only domain to show consistent 
association was the hallucination domain. Multiple clinical measures within the hallucination 
domain were associated with DTNBP1 SNPs (Table 1). 
Retrospective power calculations determined that there was sufficient power (80%) to detect 
at least one hallucination phenotype for each SNP.  There was insufficient power to detect 
association with some hallucination phenotypes (as low as 1.78%, requiring a sample size up 
to 74622). No significant differences were detected between gender and hallucination 
measure scores. Risk genotypes for each SNP were determined using mean scores and post-
hoc pairwise comparisons between genotypes for the associated psychiatric measures 
(Figures 2-4).  
 
SNP rs17470454 was found associated with only one hallucination measure (olfactory 
hallucination) with a best-fit linear model. However, rs17470454 has a very low minor allele 
frequency and there was only one AA genotype count in our sample, hence rs17470454 was 
excluded from post-hoc analysis. 
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SNP rs1997679 was associated with visual hallucination with a best-fit quadratic model 
(Figure 2). Individuals with CC and CT genotypes had higher scores for visual hallucination 
compared to those with the TT genotype. Post-hoc Tukey’s test was also significant for CT 
versus TT genotypes (P = 0.023), suggesting that the C allele is inherited dominantly (P = 
0.025 when analysed as a C-dominant trait).  
 
SNP rs4236167 was associated with visual hallucination with a best-fit quadratic model and 
general auditory hallucination with neither best-fit model (Figure 3a). Further analysis of 
specific features of auditory hallucination (Table 2) also revealed SNP association with non-
verbal form auditory hallucination with best-fit linear and quadratic models, abusive form 
auditory hallucination with best-fit linear and quadratic models, and third-person form 
auditory hallucination with best-fit linear model (Figure 3b). For all auditory related 
hallucination measures, individuals with CC and CT genotypes had higher mean scores than 
those with the TT genotype. Post-hoc Tukey’s test was significant for general auditory 
hallucination (P = 0.040 for CT versus TT), non-verbal (P = 0.009 for CT versus TT), 
abusive (P = 0.003 for CT versus TT) and third-person form (P = 0.004 for CC versus TT; 
0.001 for CT versus TT) auditory hallucinations. These results suggest the C allele is likely a 
dominant allele for the auditory related hallucination phenotypes (P = 0.017 for general 
auditory hallucination, P = 0.003 for non-verbal form, P = 0.002 for abusive form and P = 
0.0001 for third-person form auditory hallucinations, when analysed as a C-dominant trait). 
For visual hallucination measure, heterozygote individuals had higher mean score than those 
who are homozygotes for both C and T allele. Post-hoc Tukey’s test was significant for CT 
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versus TT genotypes (P = 0.026). Visual hallucination mean scores and further analysis under 
a dominant model for rs4236167 (P = 0.004) suggests a dominant mode of inheritance. 
 
SNP rs9370822 was associated with visual hallucination with a best-fit quadratic model and 
olfactory hallucination with a best-fit quadratic model (Figure 4). Individuals with AA and 
AC genotypes had higher olfactory and visual hallucination scores than the CC genotype. 
Tukey’s test was significant between AC and CC genotypes for visual hallucination (P = 
0.025) and olfactory hallucination (P = 0.030), suggesting that the A allele is inherited 
dominantly for these clinical measures (P = 0.042 for visual hallucination, P = 0.006 for 
olfactory hallucination) under an A-dominant model.  
 
Associations that survived multiple testing correction were rs4236167 with third-person form 
auditory hallucination (P = 0.001, q = 0.010), rs4236167 with abusive form auditory 
hallucination (P = 0.005, q = 0.010), and rs9370822 with olfactory hallucination (P = 0.004, 
q = 0.0125). 
 
4. Discussion 
Following earlier findings of association between DTNBP1 SNPs and various cognitive 
phenotypes in schizophrenia [4-8,18,19,23-25], the current study explored the relationship 
between DTNBP1 SNPs and  schizophrenia phenotypes. We found that rs1997679, 
rs4236167 and rs9370822 were associated with various phenotypes within the hallucinations 
domain in an Australian schizophrenia cohort, especially for auditory related hallucinations. 
However, the functional role of rs1997679, rs4236167 and rs9370822 is still unclear. If any 
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of these SNPs are functional, it is likely that they are altering DTNBP1 expression by 
affecting gene splicing or transcription as they are all located intronically. Alternatively, they 
may simply be in disequilibrium with other functional DTNBP1 SNPs.  
 
One of the key features of schizophrenia is hallucinations. The dopamine and glutamate 
systems have been implicated in the development of hallucinations as drugs with strong 
dopaminergic effect and glutamate antagonists are known to induce hallucinations [26]. 
DTNBP1 has been reported to be involved in impaired visual processing function and 
reduced occipital lobe volume in schizophrenia patients [27,28]. The role of DTNBP1 in 
visual processing, along with its role in glutamate and dopamine neurotransmission suggests 
that DTNBP1 plays a key role in the pathogenesis and development of hallucinations. 
 
To our knowledge, no extant study has reported the association of DTNBP1 SNPs with 
hallucination phenotypes. Previous association studies emphasised the relationship between 
DTNBP1 SNPs and cognitive related phenotypes including executive function deficits, 
processing speed reduction and working memory deficits [4,5,23]. Association studies are 
also supported by reports that schizophrenia individuals with poorer cognitive performance 
have reduced DTNBP1 levels in the prefrontal cortex and hippocampal formation pertaining 
executive and working memory functions [6-8,24,25]. Mouse studies have also demonstrated 
that heterozygous and homozygous DTNBP1 knockout mice display schizophrenia-like 
cognitive deficits.  As well as reduced DTNBP1 mRNA levels, knockout mice have 
decreased glutamate release and decreased glutamate receptor function in the hippocampal 
and prefrontal regions [29-31].  
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It has been demonstrated that PCP (phencyclidine) exhibits antagonistic effects on NMDARs 
and use of PCP causes schizophrenia-like symptoms including positive symptoms, negative 
symptoms, and cognitive deficits [32]. Therefore, the glutamate system is believed to mediate 
multiple psychophysiological processes not limited to cognitive processes. Subsequent 
pharmacological models linking glutamate system hypofunctioning and schizophrenia-like 
symptoms (which include cognitive deficits as well as hallucinations) have been developed 
[33,34]. Considering DTNBP1 has a functional role in glutamate release [31,35], it is possible 
that DTNBP1 may also play a role in the pathogenesis of multiple psychiatric phenotypes 
including hallucinations (as found in the present study). 
 
SNP rs17470454 is a non-synonymous SNP causing a Pro191Ser substitution. One study 
reported marginal association between rs17470454 and bipolar disorder at the allele level 
[36]. The present study detected a dominant association between the A allele and olfactory 
hallucination. However, there is no evidence in the literature that could explain the biological 
significance of rs17470454 found associated to the identified hallucination phenotypes. 
 
It is known that levels of DTNBP1 mRNA are lower in various brain regions in 
schizophrenia, including the hippocampus and the superior temporal gyrus (STG) [6,8]. The 
hippocampus is involved in working memory [37] as hippocampus volume reduction has 
been significantly correlated with the degree of executive function and memory deficits [38-
41]. The STG plays a role in processing auditory information as it consists of the primary 
auditory cortex, auditory belt and the auditory parabelt [42-44]. Reduction in STG volume 
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has been found associated with the severity of auditory hallucinations [45-48]. It is possible 
that rs1997679, rs4236167 and rs9370822 play a role in the pathogenesis of auditory 
hallucinations due to their influence on DTNBP1 expression in brain regions affected in 
schizophrenia. DTNBP1 may be implicated in visual hallucinations as DTNBP1 risk 
haplotype has been reported in schizophrenia patients with impaired visual processing and 
reduced occipital lobe volume [27,28]. The abundant expression of glutamate and dopamine 
receptors in the olfactory epithelium [49] also suggests that DTNBP1 may have a role in 
olfactory hallucination due to the influence of DTNBP1 on glutamate and dopamine activity. 
 
The SNPs investigated in the present study differed from DTNBP1 SNPs found associated 
with cognitive deficits in many previous studies [23,50-58] (including intronic variants 
rs2619539, rs3213207, rs1011313, rs2619528, rs760761, rs2619522, rs1018381, and 
rs909706). The three associated SNPs in the present study are also intronic (rs1997679 
located ~4kb downstream of exon 1; rs4236167 located ~320bp upstream of 3’ –ag intron 
end; rs9370822 located ~11kb upstream of exon 8) but not in close proximity to the “gt-” nor 
“-ag” splicing consensus. The three SNPs are situated within clusters of DNase 
hypersensitive sites according to the ENCODE genome browser 
(http://genome.ucsc.edu/ENCODE/). According to HapMap, SNPs rs1997679 and 
rs9370822, but not rs4236167, are in linkage disequilibrium with a functional SNP 
(rs1047631) where the A allele was reported to reduce DTNBP1 mRNA [59]. This suggests a 
possibility that the association found with rs1997679 and rs9370822 may be due to strong 
linkage disequilibrium with the functional SNP rs1047631. SNP rs4236167 however, may be 
in linkage disequilibrium with another unknown functional SNP, or may be functional itself 
due to its location within a DNase hypersensitive site which may influence the transcriptional 
activity of a gene.  
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The finding of association between DTNBP1 SNPs and auditory hallucinations suggests that 
hypofunction of DTNBP1 in brain regions that process auditory information may be 
responsible for the development of auditory hallucinations. Unlike the association between 
DTNBP1 and cognitive impairment, there is lack of direct evidence in the literature to support 
the association between DTNBP1 and hallucinations. A plausible alternative explanation for 
our findings is that hallucinations may be a secondary phenotype caused by visual as well as 
cognitive impairment. One study found that auditory and visual hallucinations were 
associated with lower cognitive baseline and rapid cognitive decline in Alzheimer’s disease 
[60]. The positive association between the DTNBP1 SNPs and hallucinations found in the 
present study may be due to the presence of visual and cognitive impairment which may be 
the primary cause of hallucinations, especially visual and auditory hallucinations. 
 
In addition to the association of DTNBP1 variants with cognitive deficits, we conclude that 
rs1997679 is associated with visual and auditory related hallucinations; rs4236167 is 
associated with auditory related hallucinations; and rs9370822 is associated with visual, 
olfactory and auditory related hallucinations. 
 
Funding Statement 
This work was financially supported by the Queensland State Government, the Nicol 
Foundation and the Institute of Health and Biomedical Innovation, QUT.   
 
15 
 
Acknowledgements 
This study was supported by the Post-graduate Research Award scholarship provided by the 
Queensland University of Technology, and the Australian Schizophrenia Research Bank 
(ASRB), which is supported by the National Health and Medical Research Council of 
Australia, the Pratt Foundation, Ramsay Health Care, the Viertel Charitable Foundation, and 
the Schizophrenia Research Institute. 
 
Conflict of Interest Statement 
All authors declare that they have no conflicts of interest. 
 
 
 
 
References 
[1] Perala J, Suvisaari J, Saarni SI, Kuoppasalmi K, Isometsa E, Pirkola S, Partonen T, Tuulio-
Henriksson A, Hintikka J, Kieseppa T, Harkanen T, Koskinen S, Lonnqvist J. Lifetime 
prevalence of psychotic and bipolar I disorders in a general population. Arch Gen Psychiatry 
2007;64(1):19-28. 
[2] Desai PR. Estimation of direct and indirect costs of treating schizophrenia for community-
dwelling US residents. Austin TX: The University of Texas; 2011. 
[3] Benson MA, Newey SE, Martin-Rendon E, Hawkes R, Blake DJ. Dysbindin, a novel coiled-
coil-containing protein that interacts with the dystrobrevins in muscle and brain. J Biol Chem 
2001;276(26):24232-41. 
16 
 
[4] Fanous AH, Van Den Oord EJ, Riley BP, Aggen SH, Neale MC, O'Neill FA, Walsh D, 
Kendler KS. Relationship between a high-risk haplotype in the DTNBP1 (dysbindin) gene 
and clinical features of schizophrenia. Am J Psychiatry 2005;162(10):1824-32. 
[5] DeRosse P, Funke B, Burdick KE, Lencz T, Ekholm JM, Kane JM, Kucherlapati R, Malhotra 
AK. Dysbindin genotype and negative symptoms in schizophrenia. Am J Psychiatry 
2006;163(3):532-4. 
[6] Talbot K, Eidem WL, Tinsley CL, Benson MA, Thompson EW, Smith RJ, Hahn CG, Siegel 
SJ, Trojanowski JQ, Gur RE, Blake DJ, Arnold SE. Dysbindin-1 is reduced in intrinsic, 
glutamatergic terminals of the hippocampal formation in schizophrenia. J Clin Invest 
2004;113(9):1353-63. 
[7] Weickert CS, Rothmond DA, Hyde TM, Kleinman JE, Straub RE. Reduced DTNBP1 
(dysbindin-1) mRNA in the hippocampal formation of schizophrenia patients. Schizophr Res 
2008;98(1-3):105-10. 
[8] Tang J, LeGros RP, Louneva N, Yeh L, Cohen JW, Hahn CG, Blake DJ, Arnold SE, Talbot 
K. Dysbindin-1 in dorsolateral prefrontal cortex of schizophrenia cases is reduced in an 
isoform-specific manner unrelated to dysbindin-1 mRNA expression. Hum Mol Genet 
2009;18(20):3851-63. 
[9] Tognin S, Viding E, McCrory EJ, Taylor L, O'Donovan MC, McGuire P, Mechelli A. Effects 
of DTNBP1 genotype on brain development in children. J Child Psychol Psychiatry 
2011;52(12):1287-94. 
[10] Ghiani CA, Starcevic M, Rodriguez-Fernandez IA, Nazarian R, Cheli VT, Chan LN, Malvar 
JS, de Vellis J, Sabatti C, Dell'Angelica EC. The dysbindin-containing complex (BLOC-1) in 
brain: developmental regulation, interaction with SNARE proteins and role in neurite 
outgrowth. Mol Psychiatry 2010;15(2):115, 204-15. 
17 
 
[11] Ito H, Morishita R, Shinoda T, Iwamoto I, Sudo K, Okamoto K, Nagata K. Dysbindin-1, 
WAVE2 and Abi-1 form a complex that regulates dendritic spine formation. Mol Psychiatry 
2010;15(10):976-86. 
[12] Kubota K, Kumamoto N, Matsuzaki S, Hashimoto R, Hattori T, Okuda H, Takamura H, 
Takeda M, Katayama T, Tohyama M. Dysbindin engages in c-Jun N-terminal kinase activity 
and cytoskeletal organization. Biochem Biophys Res Commun 2009;379(2):191-5. 
[13] Ma X, Fei E, Fu C, Ren H, Wang G. Dysbindin-1, a schizophrenia-related protein, facilitates 
neurite outgrowth by promoting the transcriptional activity of p53. Mol Psychiatry 
2011;16(11):1105-16. 
[14] Tang TTT, Yang F, Chen BS, Lu Y, Ji Y, Roche KW, Lu B. Dysbindin regulates 
hippocampal LTP by controlling NMDA receptor surface expression. Proc Natl Acad Sci U S 
A 2009;106(50):21395-400. 
[15] Marley A, von Zastrow M. Dysbindin promotes the post-endocytic sorting of G protein-
coupled receptors to lysosomes. PLoS One 2010;5(2):e9325. 
[16] Ji Y, Yang F, Papaleo F, Wang HX, Gao WJ, Weinberger DR, Lu B. Role of dysbindin in 
dopamine receptor trafficking and cortical GABA function. Proc Natl Acad Sci U S A 
2009;106(46):19593-8. 
[17] Domschke K, Lawford B, Young R, Voisey J, Morris CP, Roehrs T, Hohoff C, Birosova E, 
Arolt V, Baune BT. Dysbindin (DTNBP1) – A role in psychotic depression? J Psychiatr Res 
2011;45(5):588-95. 
[18] Voisey J, Swagell CD, Hughes IP, Lawford BR, Young RM, Morris CP. Analysis of HapMap 
tag-SNPs in dysbindin (DTNBP1) reveals evidence of consistent association with 
schizophrenia. Eur Psychiatry 2010;25(6):314-9. 
18 
 
[19] Voisey J, Swagell CD, Hughes IP, Connor JP, Lawford BR, Young RM, Morris CP. A 
polymorphism in the dysbindin gene (DTNBP1) associated with multiple psychiatric 
disorders including schizophrenia. Behav Brain Funct 2010;6:41. 
[20] Castle DJ, Jablensky A, McGrath JJ, Carr V, Morgan V, Waterreus A, Valuri G, Stain H, 
McGuffin P, Farmer A. The diagnostic interview for psychoses (DIP): development, 
reliability and applications. Psychol Med 2006;36(1):69-80. 
[21] Ott J. Utility programs for analysis of genetic linkage, program, hwe version 1.10. New York: 
Columbia University; 1988. 
[22] Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful 
Approach to Multiple Testing. J R Stat Soc Series B Stat Methodol 1995;57(1):289-300. 
[23] Donohoe G, Morris DW, Clarke S, McGhee KA, Schwaiger S, Nangle JM, Garavan H, 
Robertson IH, Gill M, Corvin A. Variance in neurocognitive performance is associated with 
dysbindin-1 in schizophrenia: a preliminary study. Neuropsychologia 2007;45(2):454-8. 
[24] Talbot K, Louneva N, Cohen JW, Kazi H, Blake DJ, Arnold SE. Synaptic dysbindin-1 
reductions in schizophrenia occur in an isoform-specific manner indicating their subsynaptic 
location. PLoS One 2011;6(3):e16886. 
[25] Weickert CS, Straub RE, McClintock BW, Matsumoto M, Hashimoto R, Hyde TM, Herman 
MM, Weinberger DR, Kleinman JE. Human dysbindin (DTNBP1) gene expression in normal 
brain and in schizophrenic prefrontal cortex and midbrain. Arch Gen Psychiatry 
2004;61(6):544-55. 
[26] Kumar S, Soren S, Chaudhury S. Hallucinations: Etiology and clinical implications. Ind 
Psychiatry J 2009;18(2):119-26. 
19 
 
[27] Donohoe G, Morris DW, De Sanctis P, Magno E, Montesi JL, Garavan HP, Robertson IH, 
Javitt DC, Gill M, Corvin AP, Foxe JJ. Early visual processing deficits in dysbindin-
associated schizophrenia. Biol Psychiatry 2008;63(5):484-9. 
[28] Donohoe G, Frodl T, Morris D, Spoletini I, Cannon DM, Cherubini A, Caltagirone C, Bossu 
P, McDonald C, Gill M, Corvin AP, Spalletta G. Reduced occipital and prefrontal brain 
volumes in dysbindin-associated schizophrenia. Neuropsychopharmacology 2010;35(2):368-
73. 
[29] Jentsch JD, Trantham-Davidson H, Jairl C, Tinsley M, Cannon TD, Lavin A. Dysbindin 
modulates prefrontal cortical glutamatergic circuits and working memory function in mice. 
Neuropsychopharmacology 2009;34(12):2601-8. 
[30] Karlsgodt KH, Robleto K, Trantham-Davidson H, Jairl C, Cannon TD, Lavin A, Jentsch JD. 
Reduced dysbindin expression mediates N-methyl-D-aspartate receptor hypofunction and 
impaired working memory performance. Biol Psychiatry 2011;69(1):28-34. 
[31] Saggu S, Cannon TD, Jentsch JD, Lavin A. Potential molecular mechanisms for decreased 
synaptic glutamate release in dysbindin-1 mutant mice. Schizophr Res 2013;146(1-3):254-63. 
[32] Javitt DC, Zukin SR. Recent advances in the phencyclidine model of schizophrenia. Am J 
Psychiatry 1991;148(10):1301-8. 
[33] Harrison PJ, Weinberger DR. Schizophrenia genes, gene expression, and neuropathology: on 
the matter of their convergence. Mol Psychiatry 2005;10(1):40-68. 
[34] Pitcher GM, Kalia LV, Ng D, Goodfellow NM, Yee KT, Lambe EK, Salter MW. 
Schizophrenia susceptibility pathway neuregulin 1-ErbB4 suppresses Src upregulation of 
NMDA receptors. Nat Med 2011;17(4):470-8. 
[35] Numakawa T, Yagasaki Y, Ishimoto T, Okada T, Suzuki T, Iwata N, Ozaki N, Taguchi T, 
Tatsumi M, Kamijima K, Straub RE, Weinberger DR, Kunugi H, Hashimoto R. Evidence of 
20 
 
novel neuronal functions of dysbindin, a susceptibility gene for schizophrenia. Hum Mol 
Genet 2004;13(21):2699-708. 
[36] Gaysina D, Cohen-Woods S, Chow PC, Martucci L, Schosser A, Ball HA, Tozzi F, Perry J, 
Muglia P, Craig IW, McGuffin P, Farmer A. Association of the dystrobrevin binding protein 
1 gene (DTNBP1) in a bipolar case-control study (BACCS). Am J Med Genet B 
Neuropsychiatr Genet 2009;150B(6):836-44. 
[37] Tamminga CA, Stan AD, Wagner AD. The hippocampal formation in schizophrenia. Am J 
Psychiatry 2010;167(10):1178-93. 
[38] Szeszko PR, Strous RD, Goldman RS, Ashtari M, Knuth KH, Lieberman JA, Bilder RM. 
Neuropsychological correlates of hippocampal volumes in patients experiencing a first 
episode of schizophrenia. Am J Psychiatry 2002;159(2):217-26. 
[39] Toulopoulou T, Grech A, Morris RG, Schulze K, McDonald C, Chapple B, Rabe-Hesketh S, 
Murray RM. The relationship between volumetric brain changes and cognitive function: a 
family study on schizophrenia. Biol Psychiatry 2004;56(6):447-53. 
[40] Nestor PG, Kubicki M, Kuroki N, Gurrera RJ, Niznikiewicz M, Shenton ME, McCarley RW. 
Episodic memory and neuroimaging of hippocampus and fornix in chronic schizophrenia. 
Psychiatry Res 2007;155(1):21-8. 
[41] Thoma RJ, Monnig M, Hanlon FM, Miller GA, Petropoulos H, Mayer AR, Yeo R, Euler M, 
Lysne P, Moses SN, Canive JM. Hippocampus volume and episodic memory in 
schizophrenia. J Int Neuropsychol Soc 2009;15(2):182-95. 
[42] Howard MA, Volkov IO, Mirsky R, Garell PC, Noh MD, Granner M, Damasio H, 
Steinschneider M, Reale RA, Hind JE, Brugge JF. Auditory cortex on the human posterior 
superior temporal gyrus. J Comp Neurol 2000;416(1):79-92. 
21 
 
[43] Sweet RA, Dorph-Petersen KA, Lewis DA. Mapping auditory core, lateral belt, and parabelt 
cortices in the human superior temporal gyrus. J Comp Neurol 2005;491(3):270-89. 
[44] Brugge JF, Volkov IO, Oya H, Kawasaki H, Reale RA, Fenoy A, Steinschneider M, Howard 
MA, 3rd. Functional localization of auditory cortical fields of human: click-train stimulation. 
Hear Res 2008;238(1-2):12-24. 
[45] Sumich A, Chitnis XA, Fannon DG, O'Ceallaigh S, Doku VC, Faldrowicz A, Sharma T. 
Unreality symptoms and volumetric measures of Heschl's gyrus and planum temporal in first-
episode psychosis. Biol Psychiatry 2005;57(8):947-50. 
[46] Neckelmann G, Specht K, Lund A, Ersland L, Smievoll AI, Neckelmann D, Hugdahl K. MR 
morphometry analysis of grey matter volume reduction in schizophrenia: association with 
hallucinations. Int J Neurosci 2006;116(1):9-23. 
[47] Aguilar EJ, Sanjuan J, Garcia-Marti G, Lull JJ, Robles M. MR and genetics in schizophrenia: 
focus on auditory hallucinations. Eur J Radiol 2008;67(3):434-9. 
[48] Nenadic I, Smesny S, Schlosser RG, Sauer H, Gaser C. Auditory hallucinations and brain 
structure in schizophrenia: voxel-based morphometric study. Br J Psychiatry 
2010;196(5):412-3. 
[49] Cascella NG, Takaki M, Lin S, Sawa A. Neurodevelopmental involvement in schizophrenia: 
the olfactory epithelium as an alternative model for research. J Neurochem 2007;102(3):587-
94. 
[50] Hashimoto R, Noguchi H, Hori H, Ohi K, Yasuda Y, Takeda M, Kunugi H. Association 
between the dysbindin gene (DTNBP1) and cognitive functions in Japanese subjects. 
Psychiatry Clin Neurosci 2009;63(4):550-6. 
22 
 
[51] Fallgatter AJ, Herrmann MJ, Hohoff C, Ehlis AC, Jarczok TA, Freitag CM, Deckert J. 
DTNBP1 (dysbindin) gene variants modulate prefrontal brain function in healthy individuals. 
Neuropsychopharmacology 2006;31(9):2002-10. 
[52] Burdick KE, Lencz T, Funke B, Finn CT, Szeszko PR, Kane JM, Kucherlapati R, Malhotra 
AK. Genetic variation in DTNBP1 influences general cognitive ability. Hum Mol Genet 
2006;15(10):1563-8. 
[53] Burdick KE, Goldberg TE, Funke B, Bates JA, Lencz T, Kucherlapati R, Malhotra AK. 
DTNBP1 genotype influences cognitive decline in schizophrenia. Schizophr Res 2007;89(1-
3):169-72. 
[54] Stefanis NC, Trikalinos TA, Avramopoulos D, Smyrnis N, Evdokimidis I, Ntzani EE, 
Ioannidis JP, Stefanis CN. Impact of schizophrenia candidate genes on schizotypy and 
cognitive endophenotypes at the population level. Biol Psychiatry 2007;62(7):784-92. 
[55] Zinkstok JR, de Wilde O, van Amelsvoort TA, Tanck MW, Baas F, Linszen DH. Association 
between the DTNBP1 gene and intelligence: a case-control study in young patients with 
schizophrenia and related disorders and unaffected siblings. Behav Brain Funct 2007;3:19. 
[56] Alfimova MV, Monakhov MV, Abramova LI, Golubev SA, Golimbet VE. Polymorphism of 
serotonin receptor genes (5-HTR2A) and Dysbindin (DTNBP1) and individual components of 
short-term verbal memory processes in Schizophrenia. Neurosci Behav Physiol 
2010;40(8):934-40. 
[57] Luciano M, Miyajima F, Lind PA, Bates TC, Horan M, Harris SE, Wright MJ, Ollier WE, 
Hayward C, Pendleton N, Gow AJ, Visscher PM, Starr JM, Deary IJ, Martin NG, Payton A. 
Variation in the dysbindin gene and normal cognitive function in three independent 
population samples. Genes Brain Behav 2009;8(2):218-27. 
23 
 
[58] Markov V, Krug A, Krach S, Jansen A, Eggermann T, Zerres K, Stocker T, Shah NJ, Nothen 
MM, Treutlein J, Rietschel M, Kircher T. Impact of schizophrenia-risk gene dysbindin 1 on 
brain activation in bilateral middle frontal gyrus during a working memory task in healthy 
individuals. Hum Brain Mapp 2010;31(2):266-75. 
[59] Bray NJ, Preece A, Williams NM, Moskvina V, Buckland PR, Owen MJ, O'Donovan MC. 
Haplotypes at the dystrobrevin binding protein 1 (DTNBP1) gene locus mediate risk for 
schizophrenia through reduced DTNBP1 expression. Hum Mol Genet 2005;14(14):1947-54. 
[60] Wilson RS, Gilley DW, Bennett DA, Beckett LA, Evans DA. Hallucinations, delusions, and 
cognitive decline in Alzheimer's disease. J Neurol Neurosurg Psychiatry 2000;69(2):172-7. 
 
 
 
 
 
 
 
 
24 
 
Tables 
Table 1: Genotype association of five DTNBP1 SNPs with various clinical measures of schizophrenia. 
   Hallucination measure mean scores
a 
SNP Genotypes Visual Olfactory Auditory 
rs17470454 
AA 2.00 (1) 2.00 (1) 2.00 (1) 
AG 0.82 (22) 0.59 (22) 1.50 (22) 
GG 0.85 (168) 0.25 (167) 1.36 (168) 
 P = 0.409 P = 0.001 P = 0.557 
rs1997679 
CC 0.80 (99) 0.30 (99) 1.34 (99) 
CT 1.01 (78) 0.28 (78) 1.49 (78) 
TT 0.36 (14) 0.31 (13) 1.00 (14) 
  P = 0.021 P = 0.971 P = 0.102 
rs4236167 
CC 0.71 (49) 0.17 (48) 1.41 (49) 
CT 1.04 (89) 0.37 (89) 1.49 (83) 
TT 0.66 (53) 0.28 (53) 1.15 (53) 
  P = 0.015 P = 0.160 P = 0.050 
rs9370822 
AA 0.77 (71) 0.26 (70) 1.45 (71) 
AC 1.04 (83) 0.43 (83) 1.41 (83) 
CC 0.59 (37) 0.05 (37) 1.16 (37) 
  P = 0.021 P = 0.004 P = 0.196 
rs9370823 
AA 0.81 (100) 0.29 (99) 1.39 (100) 
AG 1.01 (70) 0.36 (70) 1.41 (70) 
GG 0.52 (21) 0.10 (21) 1.19 (21) 
  P = 0.056 P = 0.213 P = 0.534 
ascore ranges from 0-2 
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Table 2: Genotype association of rs4236167 with specific features of auditory hallucinations. 
  Specific features of auditory hallucination mean scores 
Genotypes Nonverbal Abusive Commentary Thirdperson 
CC 0.70 (47) 1.13 (53) 0.58 (53) 0.81 (53) 
CT 0.80 (89) 1.27 (101) 0.50 (101) 0.79 (101) 
TT 0.36 (53) 0.78 (55) 0.44 (55) 0.29 (55) 
 P = 0.011 P = 0.005 P = 0.640 P = 0.001 
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Figure Legends 
Figure 1: DIP clinical measures used for assessment of schizophrenia patients. 
 
Figure 2: Mean hallucination scores for DTNBP1 rs1997679 genotypes. 
* indicates post-hoc Tukey’s P < 0.05 compared with the genotype with lowest score. Error 
bars indicate ±SD. 
 
Figure 3a: Mean hallucination scores for DTNBP1 rs4236167 genotypes. 
* indicates post-hoc Tukey’s P < 0.05 compared with the genotype with lowest score, ** 
indicates post-hoc Tukey’s P < 0.01 compared with the genotype with lowest score. Error 
bars indicate ±SD. 
 
Figure 3b: Mean hallucination specific feature scores for DTNBP1 rs4236167 genotypes. 
** indicates post-hoc Tukey’s P < 0.01 compared with the genotype with lowest score. Error 
bars indicate ±SD. 
 
Figure 4: Mean hallucination scores for DTNBP1 rs9370822 genotypes. 
* indicates post-hoc Tukey’s P < 0.05 compared with the genotype with lowest score. Error 
bars indicate ±SD. 
 
